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summary 
Experimental inves t iga t ions  of the  noise  from in t e rac t ing  high 
speed je t  flows show t h a t  the t o t a l  acoust ic  power radiated peaks 
between 5 t o  10 per  cent control  f o r  a c e r t a i n  range of cont ro l  j e t  
impingement point  loca t ions  .and then decreases with increasing 
percent cont ro l ,  t o  a value not much higher than t h a t  f o r  t he  
power j e t  with no control  flow added. For s t i l l  higher percent 
control ,  the  acous t ic  power increases  again t o  values which even 
a t  50 percent control  are not s i g n i f i c a n t l y  d i f f e r e n t  from the 
peak values occurring between 5 and 10 percent control .  
i n t e r e s t i n g  behavior of radiated acoust ic  power is examined with 
This 
reference t o  marked changes i n  shock s t r u c t u r e  of the  underexpanded 
j e t  flow as evidenced i n  shadowgraphs recorded a t  d i f f e r e n t  percent 
cont ro l  values. The experimental da ta  showing changes i n  t h e  
d i r e c t i v i t y  of the  noise  f i e l d  of t he  in t e rac t ing  j e t  flows with 
increase i n  percent cont ro l  a re  a l so  presented. 
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I 
Introduct ion 
This  biannual Status  Report No. 5 covers t h e  period from June 1, 
1965 t o  November 30, 1965 on Noise Inves t iga t ions  with Impinging Jet 
Flows being conducted a t  Syracuse University under NASA Grant No. 
NsG-431. 
The o r i g i n a l  air flow control  system permitted a maximum cont ro l  
jet s tagnat ion pressure of  30 psig,  but  ear ly  i n  the experimental 
program it became clear that the  30 psig m a x i m u m  pressure covered 
only a por t ion  of the range of operating conditions i n  which i n t e r e s t i n g  
phenomena w e r e  t o  be observed. 
a i r  flaw cont ro l  system t o  increase t h e  maximum possible  cont ro l  j e t  
pressure. 
je t  pressure con t ro l l e r  (maximum pressure - 30 psig) from the a i r  con- 
t r o l  system, and i n s t a l l i n g  piping which draws a i r  f o r  the  control  je t  
from the  control led a i r  of the power j e t  through a manually operated 
valve. This arrangement now pe rmi t s  cont ro l  j e t  pressures up t o  50 
psig,  being l imited only by the range of the prec is ion  pressure 
gage employed t o  measure this pressure.  It a l s o  means t h a t  cont ro l  
j e t  pressure s t a b i l i z a t i o n  i s  not  independent bu t  is  a consequence 
of power j e t  pressure s t a b i l i z a t i o n ,  thus simplifying the experi- 
mental procedure. Furthermore, t h i s  arrangement insures  t h a t  percent 
cont ro l  (defined as 100 t i m e s  t he  r a t i o  of cont ro l  jet  s tagnat ion 
gage pressure t o  power j e t  s tagnat ion gage pressure) once s e t  i s  sub- 
j e c t  t o  neg l ig ib l e  e r r o r  as the  power j e t  operates  wi th in  the  prescribed 
Consequently, changes were made i n  the  
These consisted of making provis ion t o  i s o l a t e  the cont ro l  
. '  
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to le rance  of 2 0.25 ps i .  
e r r o r  is propor t iona l  t o  the  power j e t  e r r o r  and these  e r r o r s  have 
This is so s ince  the  con t ro l  j e t  pressure  
l i t t l e  e f f e c t  QTI t h e  value of t h e  r a t i o  of con t ro l  j e t  pressure  t o  
power j e t  pressure. 
To minimize upstream valve and piping no i se  i n  the  power and 
con t ro l  jet  s e t t l i n g  tanks, mufflers,  u t i l i z i n g  b a f f l e s  and steel 
wool, w e r e  i n s t a l l e d  a t  the  a i r  i n l e t  end of each s e t t l i n g  tank 
which w e r e  s p e c i f i c a l l y  designed t o  house these  mufflers.  
Sound F ie ld  Di rec t iv i ty  Data 
Two con t ro l  jet  nozzles have been fabr ica ted  with d i f f e r e n t  
values of impingement angle a (defined as the  acute  angle between 
t h e  power j e t  nozzle axis and the axis of the  gene ra t r ix  of the  
annular con t ro l  j e t  nozzle). These are denoted as cont ro l  j e t  
nozzle No. 1 f o r  c1 = go", and con t ro l  j e t  nozzle No .  2 f o r  a = 45".  
The i n t e r a c t i n g  j e t  nozzle arrangement with con t ro l  j e t  nozzle No. 1 
is i l l u s t r a t e d  i n  Fig. 1. 
3/8" and t h e  con t ro l  j e t  exit is 3 /4"  i n  diameter and 3/64" wide making 
i ts  exit area equal t o  t h a t  of t h e  power je t .  
of t h e  con t ro l  j e t  on t h e  power j e t  is  va r i ab le ,  and is  charac te r ized  
by the  r a t i o  x / D  where x is the d is tance  from t h e  plane of t h e  power 
jet  exit t o  the  cqntroid of the annular con t ro l  j e t  e x i t  area, and 
D i s  t h e  power j e t  diameter. 
Using each of t h e  two cont ro l  j e t  nozzle arrangements, con- 
The power j e t  nozzle exit diameter is 
The impingement poin t  
s ide rab le  noise d i r e c t i v i t y  d a t a  (SPL versus 6 measured from downstream 
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jet axis)  f o r  the  in t e rac t ing  jets has been obtained i n  the  anechoic 
chamber ( f o r  d e t a i l s  of t he  anechoic chamber see Sta tus  Report No. 4) 
f o r  var ious  conditions of percent con t ro l  and xJD r a t i o .  
s tagnat ion  pressure  w a s  kept a t  100 t 0.25 ps ig ,  while  cont ro l  j e t  
Power j e t  
s tagnat ion  pressure  w a s  varied from 0 to  50 ps ig  f o r  x/D r a t i o s  
between 0.2 and 1.0. Sound pressure levels w e r e  measured a t  a radius  
of 72.0 inches using a Bruel and Kjaer 4135 quarter-inch microphone and 
2604 microphone amplif ier .  
checked wi th  the  Bruel and K j  aer p i s  tonphone. 
The seng;itivity of t he  microphone w a s  regular ly  
Because of t h e  copious d i r e c t i v i t y  da ta ,  a Fortran program w a s  
wr i t t en  f o r  mechanically p l o t t i n g  t h e  da t a  with the  Calcomp p l o t t e r  
available a t  t h e  Syracuse University Computing Center, 
u t i l i z e s  the same d a t a  cards prepared f o r  another  Fortran program 
which is discussed below. 
of t he  e f f e c t s  of j e t  operating conditions on d i r e c t i v i t y  of t h e  
sound f i e l d .  
2a,b,c. These are discussed later. 
This program 
These p l o t s  permit observation a t  a glance 
Typical pages of p lo t t ed  da t a  are reproduced as Figs. 
Tota l  Acoustic Power Radiated 
Using t h e  d i r e c t i v i t y  data  mentioned above, the t o t a l  acous t i c  
power rad ia ted  by the  in t e rac t ing  jets under d i f f e r e n t  operat ing 
conditions w a s  computed based on t h e  following analysis :  
Consider an imaginary sphere of radius  R enclosing the in t e r -  
ac t ing  jets which are a t  the sphere center .  The SPL on t h e  sphere 
i s  a funct ion only of azimuth angle  8 measured from the  dawnstream 
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j e t  ax is .  By measuring the  SPL a t  small increments A8 of azimuth 
angle around t h e  i n t e r a c t i n g  jets and determining the  sound i n t e n s i t y  
which is taken t o  be constant on t h e  annular sur face  around the  j e t  
axis of width RA8, t he  t o t a l  acous t i c  power rad ia ted  can b e  determined 
by summing these  i n t e n s i t i e s  on the  incremental sur face  elements of 
the  sphere between 0" and 180'. 
L e t  180°/A8 b e  an i n t e g r a l  value q ,  s o  t h a t  t he re  are q + 1 SPL 
measuring s t a t i o n s  from 0" t o  180", numbered consecutively from 0 t o  
q s t a r t i n g  a t  8 = 0. The azimuth angle of t he  ith s t a t i o n  where SPL 
i s  measured i s  iA8. This angle  l oca t e s  an elemental annular area A i 
of width A8 bounded by iA8 5 A8/2. It then follows t h a t  t h e  incre- 
mental areas 
i 
= 4rR2sin iA8 s i n  - " i = 1, 2 ,  ..., q-1 
Ai 2 '  
and t h e  polar  areas a t  8 = 0,  180" 
A 8  
A. = A = 2nR2[1 - COS 5-1 . 4 
Let t ing  pi denote the  acoustic pressure a t  s t a t i o n  i, t h e  t o t a l  
acous t i c  power rad ia ted  by the j e t  flow is 
P i  
P t =  f - 
i=o '0'0 
with proper a t t e n t i o n  t o  u n i t s  where p c is  t h e  c h a r a c t e r i s t i c  
impedance of a i r .  
ob ta in  
0 0  
From t h e  de f in i t i on  of SPL re 0.0002 dyne/cm2, 
- - 
I 
1 
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and not ing t h a t  
7 dyne - an 
s ec 1 w a t t  = 10 
obta in  
SPLi 
an t i l og  (---)A [watts 3 - 4 pt - poco i = O  10 i 
where p c i s  i n  cgs un i t s  and A is i n  an2. Fina l ly ,  expressing t h i s  
0 0  i 
as power level, PWL re 10 watt, ob ta in  -13 
SPLi 
PWL = 10 log [ 4 x f an t i l og  (10) Ail db 
i=O 
The minimum value of 8 f o r  taking SPL measurements which w e r e  not  
influenced by jet  flow impingement on the  microphone w a s  found experi- 
mentally t o  be 15". 
f a r  f i e l d  measurements necess i t a t e s  a decrease i n  the  m a x i m u m  value 
of 8 ,  and v ice  versa ,  because of the confines of the  anechoic chamber. 
For R = 72.0 inches,  t he  m a x i m u m  azimuth angle i s  120". 
measurements would b e  i n  the  shadow of the  s e t t l i n g  tank and con t ro l  
j e t  nozzles.  
Also, increasing the  measuring radius  t o  insure  
Beyond t h a t ,  
Res t r i c t ing  measurements t o  between 15" and 120" changes t h e  
l i m i t s  on the  previous summation t o  
and 
m l -  A 8  
120 O "2- A8 
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f o r  t h e  lower and upper l imi t s  respec t ive ly ,  where m and n are 
in tegers .  These conditions eliminate consideration of th.. p o l a r  
areas, leaving 
t h e  expression 
PWL = 10 log 
A Fortran 
equation. The 
as a f i n a l  working expression, a f t e r  s u b s t i t u t i o n  of 
f o r  Ai, 
n SPLi 
[16 lo-* 7rR2sin - 1 s i n  i A 0  an t i l og  (-)I db. 10 poco i=m 
program was wr i t t en  t o  compute PWL using t h e  foregoing 
bulk of da ta  taken t o  da t e  has been with R = 72.0 inches,  
A8 = 15", m = 1, and n = 8, although these are not f ixed  and can be  
var ied  as circumstances d i c t a t e .  The angle increment A 8  may b e  as 
small as lo. 
series of curves of PWL versus percent cont ro l  f o r  various x / D  r a t i o s .  
Typical r e s u l t s  are given i n  Fig. 5. 
The r e s u l t s  of these  computations w e r e  prepared as a 
Discussion of Experimental Results 
Three p l o t s  of PWL versus percent cont ro l  f o r  con t ro l  nozzle No. 1 
a t  x/D r a t i o s  of approximately 0.4,  0.6, and 0.8 a r e  reproduced i n  Fig. 3 .  
The increase  of PWL w i t h  t h e  f i r s t  few percent con t ro l  w a s  not 
unexpected as such a behavior w a s  noted i n  earlier preliminary observa- 
t i o n s  by the  authors with i n t e r a c t i n g  two-dimensional jets.  Also the  
l ike l ihood of increased turbulent mixing of t hese  two i n t e r a c t i n g  j e t  
flows would be expected t o  cause an increase  i n  noise.  
between 5 and 10 percent cont ro l  t h e  t o t a l  acous t ic  power rad ia ted  peaks 
and then begins t o  drop, eventually reaching a r e l a t i v e  minimum value 
not much higher than t h a t  of the  power j e t  with no con t ro l  flaw added. 
However, 
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The PWL then increases  again with a f u r t h e r  increase  i n  percent con t ro l  
and demonstrates a s l i g h t  bu t  d e f i n i t e  per turba t ion  a t  about 35 o r  40 
percent cont ro l .  
increases  a t  a rate of approximately one db per  percent cont ro l ,  b u t  from 
10 percent con t ro l  t o  50 percent con t ro l  t h e  t o t a l  acous t ic  power increase  
is not  more than 17 decibels.  
found t o  occur f o r  approximately 0.2 < x/D < 0.8. 
a t ions  i n  t h e  acous t ic  power ind ica t e  a dependence on t h e  i n t e r a c t i n g  
je t  operating parameters and geometry which when f u l l y  inves t iga ted  may 
be use fu l  i n  evolving new methods of je t  no i se  abatement. As it  i s  
From zero t o  10 percent con t ro l  t h e  power rad ia ted  
1 This PWL v a r i a t i o n  with percent con t ro l  i s  
These observed var i -  
evident from t h e  p l o t s  of PWL versus percent cont ro l  (Fig. 3 ) ,  t h e  
peak value of PWL f o r  each of the th ree  curves decreases and occurs a t  
s l i g h t l y  higher percent control as x/D decreases. Also, t h e  minimum 
value of PWL a t t a i n e d  a t  non-zero percent con t ro l  occurs a t  higher 
percent cont ro l  with decreasing x/D r a t i o .  
It has been observed and reported earlier (S ta tus  Report No. 4 )  
t h a t  t h e  addi t ion  of the  cont ro l  flow serves t o  diminish the  Riemann 
d i s c  while lengthening athe r e f l ec t ed  shocks, and i t  eventually r e s u l t s  
i n  the  emergence from the r e f l ec t ed  shocks of a new oblique shock 
s t r u c t u r e  which separa tes  from t h e  o r i g i n a l  r e f l ec t ed  shock s t r u c t u r e  
and moves downstream with increasing percent cont ro l .  
shadowgraphs corresponding closely t o  t h e  conditions of t h e  p l o t  of PWL 
versus percent con t ro l  of Fig. 3 f o r  x / D  = 0.4013 is  reproduced as Fig. 
4 and shows t h i s  progression of shock s t r u c t u r e  change with percent 
cont ro l  . 
A sequence of 
. 
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A shadowgraph of the  power j e t  operating a t  100 ps ig  with no 
con t ro l  flow impingement exh ib i t s  t h e  usual shock s t r u c t u r e  f o r  a 
highly underexpanded choked j e t  (Fig. 4a). As percent con t ro l  
increases ,  t h e  in t e rcep t ing  shocks move inward, diminishing the 
exten t  of t h e  normal shock d i sc  and lengthening the  r e f l e c t e d  shocks. 
As t h i s  is  happening, t he  t o t a l  power rad ia ted  by t h e  i n t e r a c t i n g  
je t s  is  increas ing  (point b Fig. 3 )  and Fig. 4b shows the  flow condition 
a t  5 percent control.  As percent con t ro l  increases  f u r t h e r ,  t he  i n t e r -  
cepting shocks m e e t ,  el iminating the  normal shock d isc .  Following t h i s ,  
new oblique shocks emerge from t h e  o r i g i n a l  r e f l ec t ed  shocks and begin 
t o  move i n  t h e  downstream d i r ec t ion  as percent con t ro l  increases  f u r t h e r .  
Corresponding t o  these  changes i n  the flow, the t o t a l  acous t i c  power 
rad ia ted  rises t o  a peak of about 148 db re 
t o  decrease. 
cont ro l  a t  which t h e  new oblique shock s t r u c t u r e  ( labe l led)  has already 
been created and has moved s l i g h t l y  downstream. This condition corre- 
sponds t o  t h e  poin t  c on t h e  plog of Fig. 3 s l i g h t l y  t o  the  r i g h t  of t h e  
PWL peak. 
a t  t h e  condition where t h e  in te rcept ing  shocks j u s t  come together. 
po in t  remains t o  be es tab l i shed  and w i l l  be c lose ly  examined. 
w a t t  and then begins 
Figure 4c is a shadowgraph of the  flow a t  10 percent 
The question na tu ra l ly  arises as t o  whether t he  PWL peaks 
This 
As percent con t ro l  is increased s t i l l  f u r t h e r ,  t he  new oblique 
shocks move f u r t h e r  downstream the  corresponding acous t i c  power 
rad ia ted  decreases t o  a minimum of approximately 144 db and then 
increases.  Figure 4d shows the oblique shock pos i t i ons  near the  minimum 
PWL condition. N o  shadowgraphs are present ly  ava i l ab le  a t  t h e  condition 
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of t h e  PWL perturbat ion near 35 percent cont ro l  as these  shadowgraphs 
w e r e  taken p r i o r  t o  the  acoust ic  measurements when 30 percent cont ro l  
was  the  m a x i m u m  a t ta inable .  
w i l l  be obtained i n  the  near  future .  
Shadowgraphs a t  these  operating conditions 
P l o t s  of t he  d i r e c t i v i t y  data of the  in t e rac t ing  jets f o r  
x / D  = 0.4013 are given as Figs. 2a,b and c. 
versus  azimuth angle 0 f o r  2 p s i  increments of cont ro l  j e t  pressure.  
The ident i fy ing  information for each p l o t  is  located immediately under 
each axis and t h e  value of percent cont ro l  for each condition i s  
numerically equal t o  P 
pressure is  100 psig.  A l l  other information l i s t e d  i d e n t i f i e s  t he  da t a  
as having been measured at a radius of 72.00 inches with cont ro l  j e t  
nozzle No. 1 at x / D  = 0.4013. 
changes t h a t  are occurring i n  the d i r e c t i v i t y  of the rad ia ted  sound with 
cont ro l  j e t  flow impingement. 
These are p l o t s  of SPL 
s ince  i n  a l l  cases t h e  power j e t  operating OP 
These p l o t s  graphica l ly  i l l u s t r a t e  t he  
I n  general ,  f o r  a l l  conditions of percent cont ro l ,  with the  exception 
of zero percent cont ro l  and t h e  value of percent cont ro l  a t  which the  
acous t ic  power is a minimum, a secondary peak i n  SPL appears i n  addi t ion  
t o  the  peak normally observed i n  j e t  flows near  30". 
percent cont ro l  values ,  t h i s  secondary peak occurs a t  60" and exceeds 
the  peak a t  30". 
A t  t h e  highest  
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Future P l a n s  
Experimental da ta  are cur ren t ly  being gathered f o r  evaluation of 
t h e  t o t a l  acous t i c  power rad ia ted  by the  i n t e r a c t i n g  jets using con t ro l  
jet  nozzle No. 2. Following completion of t h i s  phase of t h e  investiga- 
t i o n ,  1 / 3  octave spectrum analys is  w i l l  b e  ca r r i ed  out on t h e  i n t e r a c t i n g  
j e t  no i se  f i e l d  using both cont ro l  jet  nozzles,  during which the  tape  
system pruchased earlier ( see  S ta tus  Report N o .  3) w i l l  be u t i l i z e d  as 
required. 
a f t e r  i t  w a s  delivered has been s a t i s f a c t o r i l y  corrected by the  manu- 
f ac tu re r .  
t i o n  r e s u l t e d  i n  some delay i n  making t h e  system operational.  
A malfunction i n  the tape  t r anspor t  which w a s  discovered soon 
The need t o  r e t u r n  t h e  system t o  the  manufacturer f o r  correc- 
Following these  acous t ica l  i nves t iga t ions ,  add i t iona l  systematic 
o p t i c a l  i nves t iga t ions  w i l l  be undertaken with c a r e f u l  a t t e n t i o n  t o  
shock spacing and geometry and t h e i r  r e l a t i o n  t o  previously discussed 
phenomena, as w e l l  as t o  s p e c t r a l  emission c h a r a c t e r i s t i c s .  
Plans are a l s o  being made t o  i n v e s t i g a t e  i n t e r a c t i n g  je t s  similar 
t o  those described here in ,  but with f r e e  entrainment allowed f o r  t h e  
power j e t  and con t ro l  j e t  flows. 
f r e e  entrainment is  poss ib le  upstream of the  con t ro l  j e t ,  and a l s o  
t h a t  the  con t ro l  j e t  nozzle forms a cavi ty  from which the  power j e t  
emerges. The planned nozzles w i l l  p e r m i t  evaluation of t he  e f f e c t s  
of t h e  cavi ty  so formed on the sound f i e l d .  
ment does not permit operation of t he  con t ro l  j e t  alone s ince  t h e  con t ro l  
Reference t o  Fig. 1 shows t h a t  no 
The present  nozzle arrange- 
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j e t  e n t r a i n s  a i r  from the power j e t  nozzle and s e t t l i n g  tank and 
causes a pulsa t ing  flow condition. 
w i l l  e l imina te  t h i s  problem and permit no ise  inves t iga t ion  of t h e  
con t ro l  j e t  alone. This w i l l  allaw a comparison of t he  i n t e r a c t i n g  
jet  no i se  f i e l d  with t h e  noise f i e l d s  of t h e  power and con t ro l  jets 
separately.  
The planned nozzle arrangement 
Publications 
A letter t o  t h e  e d i t o r  e n t i t l e d  "Noise from Impinging, Two 
Dimensional, Underexpanded J e t  Flows," by W i l l i a m  J. Sheeran and 
Darshan S. Dosanjh repor t ing  some observations made i n  r e l a t i o n  t o  
these  inves t iga t ions  appeared i n  t h e  Journal of t he  Acoustical  
Society of America, Vol. 3 8 ,  No. 3 ,  pp. 482-484, September 1965. 
It is the  authors'expectation t h a t  t h e  next s t a t u s  r epor t  
w i l l  include a s u f f i c i e n t l y  self-contained body of u se fu l  infor- 
mation on no i se  from in t e rac t ing  j e t  flows t o  j u s t i f y  its submit- 
t a l  t o  NASA i n  the  form of a technica l  no te  f o r  publication. 
' .  
Control  Je t  
R e s  e rvoi r 
Fig. 1 POWER AND CONTROL JET NOZZLE ASSEMBLY 
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Fig. 2c SOUND PRESSURE LEVEL (Sa re 0.0002~bar) versus AZIMUTH ANGLE 8 
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